Microbial extracellular electron transfer (EET) to solid surfaces is an important reaction for metal reduction occurring in various anoxic environments. However, it is challenging to accurately characterize EET-active microbial communities and each member's contribution to EET reactions because of changes in composition and concentrations of electron donors and solid-phase acceptors. Here, we used bioelectrochemical systems to systematically evaluate the synergistic effects of carbon source and surface redox potential on EET-active microbial community development, metabolic networks and overall electron transfer rates. The results indicate that faster biocatalytic rates were observed under electropositive electrode surface potential conditions, and under fatty acid-fed conditions. Temporal 16S rRNA-based microbial community analyses showed that Geobacter phylotypes were highly diverse and apparently dependent on surface potentials. The well-known electrogenic microbes affiliated with the Geobacter metallireducens clade were associated with lower surface potentials and less current generation, whereas Geobacter subsurface clades 1 and 2 were associated with higher surface potentials and greater current generation. An association was also observed between specific fermentative phylotypes and Geobacter phylotypes at specific surface potentials. When sugars were present, Tolumonas and Aeromonas phylotypes were preferentially associated with lower surface potentials, whereas Lactococcus phylotypes were found to be closely associated with Geobacter subsurface clades 1 and 2 phylotypes under higher surface potential conditions. Collectively, these results suggest that surface potentials provide a strong selective pressure, at the species and strain level, for both solid surface respirators and fermentative microbes throughout the EET-active community development.
Introduction
Microbial extracellular electron transfer (EET) to solid surfaces is a key reaction for dissimilatory metal reduction in various anoxic environments and important to biogeochemical metal and nutrient cycling (Canfield et al., 1993; Nealson, 1997; Nealson et al., 2002; Weber et al., 2006) . In anoxic environments, complex carbon substrates are degraded by fermenting microorganisms, and the by-products of the fermentation process, such as volatile fatty acids and hydrogen, are utilized as electron donors for subsequent microbial respiration of nitrate and sulfate, and the reduction of solid metals through microbial EET reactions (Nealson and Saffarini, 1994; Lovley et al., 2004) . The diversity and abundance of carbon sources in the environment is known to have a selective effect on microbial community taxonomy and function (Sessitsch et al., 2001; Torsvik and Ovreas, 2002) . Electron acceptors, including solid-phase electron acceptors, also have a selective role in determining microbial activity and population distributions (Humayoun et al., 2003) . In the environment, various forms of metal compounds exist and each solid-phase compound has a different surface redox potential (Cornell and Schwertmann, 2003; Kato et al., 2010) , which could be having a significant role toward defining microbial population distributions. However, it is challenging to study the relationship between the surface redox potential and microbial population dynamics within the complex EET-active community, because the form and the redox potential of solid metals are changing that are associated with microbial metal-reducing functions.
Microbial fuel cells (MFCs) and poised-potential bioelectrochemical systems now offer a way to explore the relationship between microbial EET processes and solid surface potentials (Rabaey and Verstraete, 2005; Logan et al., 2006; Lovley, 2006) . The MFC anode electrode serves as an electron acceptor that can mimic solid metals, but does not react, and therefore serves as an unchanging solidform electron acceptor. Using electrochemical approaches in MFC systems, the EET activity in a microbial community can be monitored as operational current generation, anodic limiting (maximum) current density and per-biomass electrode reducing rate throughout system operations (Ishii et al., 2008) . In addition, the anode potential can be controlled by potentiostatic set-potential (SP) operation (Wagner et al., 2010) , which allows acceleration or suppression of EET rates in the community as a function of applied surface redox potential (Aelterman et al., 2008; Ishii et al., 2013) .
Recently, these methods have been utilized for exploring the microbial energy recovery with a wide variety of carbon substrates as electron donors (Pant et al., 2010) and various controlled anode potentials as electron acceptors (Wagner et al., 2010) . These studies revealed that different EETactive communities were established with various carbon substrates and different electrode potentials, and both parameters clearly affected the final community composition (Torres et al., 2009; White et al., 2009; Freguia et al., 2010; Kiely et al., 2011) . However, it is poorly understood how the substrates and electrode potentials affect the developmental processes of EET-active microbial communities, and how metabolic networks are established and maintained within the community. This knowledge is critical for expanding our understanding of community-wide EET processes with regard to microbe-microbe and microbeenvironment interactions.
Therefore, objectives of this study were to identify the factors associated with EET-active (electrogenic) community development, and characterize the metabolic networks of the community members through the systematic integration of electrochemical and microbial analyses. To achieve the objectives, four different carbon substrates including two fermentable (sucrose and glucose) and two nonfermentable substrates (butyrate/propionate and acetate) were employed as a variety of electron donors for developing EET-active microbial communities. In addition, three different electrode potentials with the sole fermentable substrate (sucrose) were also employed as a various electron acceptor's availability for the communities. Throughout the study, we constantly monitored electrochemical properties, biocatalytic activities, carbon metabolism and microbial community structure. A systematic integration and statistical analysis of the combined data sets offers new insights about the critical determining factors for EET-active microbial communities.
Materials and methods

MFC configuration and operation
Nine single-chamber, air-cathode MFCs were used for the enrichment of electrogenic communities fed with four different substrates. The MFC was a bottletype reactor (400 ml in capacity), with anode electrodes made of carbon cloth (108 cm 2 projected surface area; Tsukuba Materials Information Lab, Tsukuba, Japan) connected by Ti wires (Ishii et al., 2008) . A Pt-catalyzed air cathode as described elsewhere (Cheng et al., 2006) was placed at the side port, providing a projected surface area of 20 cm 2 . After sterilization of the MFC, the chamber was anaerobically filled with carbonate-buffered basal salt medium described in Supplementary Methods, which is modified from the previous research (Ishii et al., 2008) .
In an anaerobic glove box, 2 g of lagoon sediment slurry, sampled from San Elijo Lagoon (San Diego, CA, USA), was inoculated to the nine MFC reactors (Supplementary Figure S1) . Four different carbon substrates (that is, 15 mM of acetate for AC-MFCs, mixture of 3.75 mM butyrate and 3.75 mM propionate for BP-MFCs, 5 mM of glucose for GL-MFCs or 2.5 mM of sucrose for SU-MFCs) were fed to duplicate MFC systems (reactors a and b). Within SU-MFCs, one reactor (reactor SU-MFC-a) did not begin electricity production, therefore one additional reactor (reactor SU-MFC-c) was started at day 22 with the same inoculum source stored at 4 1C. The MFCs were gently agitated with a magnetic stirrer and incubated at 28 1C.
Initially, the anode and cathode electrodes were connected with an external resistor of 510 O. Cell voltages across the resistor were recorded every 10 min using a 2700 Multimeter data acquisition system with M7700 module (Keithley, Cleveland, OH, USA) and the corresponding electric current was calculated using Ohm's law. When the electric current decreased owing to the depletion of the substrates, the anode solutions were fully discarded and the reactors were refilled with fresh medium containing the appropriate substrate (the potential solution carry-over was estimated as B1% for each batch). This repeat-batch process was continued for over 3 months. The external resistor was changed twice to 100 O and 22 O as described in Figure 1 .
SP operation
Six more reactors of the same configuration were used for SP operation fed with 3 mM sucrose as the sole electron donor. Before starting the SP operation, all reactors were operated on MFC mode for the first 5 days with a 510 O external resistor as described above. An Ag/AgCl reference electrode ( þ 200 mV vs SHE, RE-5B, BASi, West Lafayette, IN, USA) was placed in the side port of duplicate SP reactors (reactors a or b), and the anode surface potential was controlled to þ 100 mV vs SHE (SP-H reactors), À 50 mV vs SHE (SP-M reactors) and À 200 mV vs SHE (SP-L reactors) using an eight-channel potentiostat (MultEchem System, Gamry, Warminster, PA, USA). The SP reactors were also anaerobically inoculated with 2 g of the same lagoon sediment stored at 4 1C, gently agitated at 28 1C and electric current production was recorded every 10 min using the potentiostat. When the electric current decreased owing to the depletion of the substrates, the anode solutions were fully discarded and the reactors were refilled with fresh medium containing 3 mM sucrose. This repeat-batch process was continued for over 5 months.
Polarization analyses
In order to obtain anode polarization curves, an Ag/AgCl reference electrode (RE-5B, BASi) was placed in the side port of the reactors, and linear sweep voltammetry analyses were conducted using a potentiostat (Reference 600 or MultEchem System, Gamry) (Tsujimura et al., 2001; Ishii et al., 2008) . The anode potential was swept from open-circuit anode potential to þ 300 mV vs SHE at a scan rate of 0.5 mV s À 1 and the corresponding anodic current was recorded.
Chemical analyses
Volatile fatty acid concentrations were measured using a high-pressure liquid chromatography machine. The detailed procedures are described in Supplementary Methods. Glucose and sucrose concentrations were determined by the phenol-sulfuric acid method (Dubois et al., 1979) . Coulombic efficiency (%) was calculated from the total charge passed during a single batch, divided by the theoretical amount of charge allowable from complete substrate oxidization (for example, 48 mmol of e À for AC-, GL-and SU-MFCs, 51 mmol of e À for BP-MFC and 58 mmol of e À for SP reactors in each batch) (Thauer et al., 1977) . To determine the total anodic microbial cell density, part of the anode (7 Â 7 mm) was removed from the reactors (n ¼ 3). Total protein was extracted and determined by the bicinchoninic acid method (Pierce, Rockford, IL, USA) as described elsewhere (Bond and Lovley, 2003; Ishii et al., 2008) .
Microbial composition analysis
Total DNA was extracted from biofilms on anodic carbon clothes or from suspended cells in anolyte solution using the PowerBiofilm DNA Isolation Kit (MO BIO, Carlsbad, CA, USA). The 16S rRNA clone libraries were constructed using universal primers U27f (5 0 -AGAGTTTGATCCTGGCTCAG-3 0 ) and U1492r (5 0 -G GTTACCTTGTTACGACTT-3 0 ) (DeLong, 1992), and Systems biology for electrogenic biofilms S Ishii et al sequenced using primer U907r (5 0 -CCGYCAATT CMTTTRAGTTT-3 0 ) (Watanabe et al., 2001 ) as described previously (Ishii et al., 2012) . The nucleotide sequences have been deposited in the GSDB/ DDBJ/EMBL/NCBI nucleotide sequence databases under accession numbers JQ654784-JQ654964, JX145950-JX146061 and KC574687-KC574877. Database searches for related 16S rRNA gene sequences were conducted using the BLAST program (Karlin and Altschul, 1990) . Identification of chimeric sequences, taxonomic classification and statistical analyses including multidimensional scale plot, rarefaction analysis, Chao-1 richness, Shannon's index, Simpson diversity index and Sørensen similarities among the bacterial communities were performed as described previously (Ishii et al., 2012) . Canonical correspondence analysis (CCA) was performed using XLSTAT (Addinsoft, New York, NY, USA) to evaluate the correlations between community composition and environmental factors (ter Braak, 1986) .
Results
MFC and SP enrichment and current generation
Duplicate MFC reactors (reactors a/c and b) fed with each carbon source showed similar current-generating trends during the 3-month operation in repeatbatch MFC mode (Figure 1 ). The medium replacement process removed suspended microbes and reduced the contribution of any redox-active soluble electron shuttles that may have been produced by the bacteria. To establish electrogenic communities, the external resistor was decreased stepwise from 510 O to 22 O (Figure 1 ), which has been successfully demonstrated to improve MFC electron recovery (Fan et al., 2008; Shimoyama et al., 2008; Hong et al., 2011; Jung and Regan, 2011) . After day 50, all MFCs were producing stable operational currents of 5-7 mA. MFC performance metrics are summarized in Table 1 .
Compared with the MFC operations, duplicate SP reactors (reactors a and b) fed with sucrose under three different anode potentials showed slightly different trends for the initial 50 days in the SP-H and SP-M reactors, and very different trends in the SP-L reactors (Figure 2) . The SP-L-b reactor started generating current more slowly than the SP-L-a reactor, indicating that an anode potential of À 200 mV vs SHE may not have been a favorable selective pressure to reproducibly select for similar microbial EET activities. In contrast, the SP-H reactors showed a rapid startup of current generation within 10 days, and reached maximum operational current within 20 days. The maximum operational currents for each repeat-batch were B30 mA for SP-H, B20 mA for SP-M and 3-7 mA for SP-L, respectively. These differences are likely induced by the electron acceptor availability associated with the different anode potentials. The maximum operational current of the SP-H reactors decreased to B20 mA at 5 months, which suggests that biofilm features of the anodic community changed during the long-term SP-H operation. The electrogenic performances for the SP reactors are summarized in Table 2 for the 2-month (phase I) and 5-month (phase II) operational periods (Figure 2 ).
Limiting current density
Performance of MFC systems are commonly evaluated in terms of power and current densities (Rabaey and Verstraete, 2005; Logan, 2008) Systems biology for electrogenic biofilms S Ishii et al (Table 1) . Electricity production was monitored as current vs time; however, the current production did not increase during the long-term MFC operations except when the external resistance was decreased ( Figure 1 ). To better analyze the maximum available microbial current-generating properties apart from 
Abbreviations: CE, coulombic efficiency; SP, set-potential. Averaged maximum current generation for repeated batch exchanges during SP operation. b Current density was calculated per projected anode surface area.
c Maximum current density was determined by linear sweep voltammetry at day 62 (2-month) and at day 152 (5-month).
d CE was calculated for each batch under SP operation, and averaged during the periods (phases I and II).
Systems biology for electrogenic biofilms S Ishii et al system limitations, anode and cathode polarization curves were determined by linear sweep voltammetry (Tsujimura et al., 2001) . The curves clearly showed that the cathode polarization strongly affected the whole MFC system polarization; however, the anode polarization curves showed that anodic limiting current densities significantly increased from around 0.1 mA cm À 2 to 0.3 mA cm À 2 during the 3-month operation in all MFCs (Figures 3a-d ). This result indicates that the potential microbial The polarization curves were determined after collecting anode subsamples for microbial community analysis at 1 month, 2 months, 3 months and 5 months. Polarization curves were generated from linear sweep voltammetry at a scan rate of 0.5 mV s À 1 . Green lines indicate cathodic polarization curves for MFC reactors (a-d) or operating anode surface potentials for SP reactors (e-g).
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EET activities were enhanced during the long-term MFC operation even though the operational currents were limited by the cathode polarization (Ishii et al., 2012) . On the other hand, the potentiostatic operation (SP reactors) artificially controls the anode potential, which enables the study of solely anodic EET processes without system and cathode limitations (Wagner et al., 2010) . The polarization curves of the SP-H reactors indicate that potentiostatic operation at þ 100 mV vs SHE enabled the generation of maximum current density throughout the 5-month operational period (Figure 3e ). The polarization curves of SP-M and SP-L reactors showed that their operational current densities (equal to EET rate) were strongly defined by the anode potentials (Figures 3f and g ), which suggests that those microbial communities were affected by both anode potentials and the limited EET rates. The limiting current densities dynamics are also summarized in Tables 1 and 2 .
Metabolic activity and coulombic efficiency
The substrate-consuming and by-product-producing trends were similar in the duplicate MFC reactors after day 55 (Figure 4 and Supplementary Figure S2) , and in the duplicate SP reactors after 2 and 5 months ( Figure 5 and Supplementary Figure  S3 ). These observations indicate that the reactors achieved reproducible carbon metabolisms associated with EET activities. In the AC-MFCs, acetate was steadily consumed. In the other MFC and SP reactors fed with more complex carbon sources, sugars, lactate and butyrate were consumed completely within 1 day after feeding. After these primary carbon sources were depleted, the microbial communities then began consuming acetate and propionate simultaneously with slightly lower electricity generation. Interestingly, acetate was consumed more rapidly than propionate for all reactors and the current generation was reduced significantly after acetate depletion, which indicates that acetate is an efficient and preferable substrate for the EET-active microbes. The ratio of by-products from primary sugar fermentation was variable for lactate, propionate and acetate in the GL/SU-MFCs and SP-H/M/L reactors, suggesting that microbial fermentation processes were affected by the EET operating conditions.
Electron recovery from substrate consumption was calculated as coulombic efficiency (Logan, 2008) , which was found to be stable at B55% in the AC-MFCs, 10-30% in the SP-L reactors and Systems biology for electrogenic biofilms S Ishii et al B45% in the other MFC and SP reactors (Tables 1  and 2 ). This indicates that approximately half of the electrons associated with the substrate degradation were directed to competing reactions such as oxygen respiration by the cathode biofilm, methanogenesis and/or biosynthesis.
Correlation between anode biomass and electricity production The increase of limiting current density (Figure 3) can be attributed to two major factors: increasing biomass within the electrogenic biofilm and increasing per-biofilm biocatalytic activity through alterations of the microbial consortia. The biomass density of the anode biofilms showed consistent increases in all MFC and SP-M/L reactors (Figure 6 ), whereas that in SP-H reactors showed rapid saturation around 600 mg-protein cm À 2 after 1-month operation. Per-biomass electron-donating rates, which were calculated using the limiting current densities and the biofilm densities (Ishii et al., 2008) , showed varying trends among the MFC and SP reactors (Figure 6 ).
In the MFC reactors, the per-biomass electrondonating (biocatalytic) rates changed considerably during early stages of biofilm formation (an average change of 48.3% from first month to second month) and stabilized at later stages (an average change of 16.1% from second month to third month) likely due to diffusion limitations associated with thick biofilms and/or microbial community stability. The average biocatalytic rates after 3 months of operation were 336 ± 101 mmol-electron g-protein À 1 min À 1 for the AC/BP-MFCs and 179 ± 52 mmol-electron g-protein -1 min -1 for the GL/SU-MFCs (Figure 6a) , which shows significantly different per-biomass EET activity (Po0.05 by Student's t-test). The biomass densities in the AC/BP-MFCs were approximately half of those in the GL/SU-MFCs, indicating that fermentable substrates (glucose and sucrose) facilitated the development of thick biofilms consisting of electrode respirators and fermenters.
Biocatalytic rates were more variable in the SP reactors (Figure 6b) . The SP-L-a reactor showed similar trends of both biofilm density and biocatalytic rates relative to the SU-MFCs, whereas the SP-L-b reactor appeared to take longer time to establish an EET-active biofilm. Even using the same fermen- Systems biology for electrogenic biofilms S Ishii et al electricity-generating microbes and/or more efficient EET-active microbes in their biofilms. SEM observations of the AC/BP-MFC biofilms showed filamentous structures, whereas those of the GL/SU-MFC biofilms showed high cell densities (Supplementary Figure S4) , which also indicates that the addition of sugar substrates established thick electrogenic biofilms. The anode electrodes in the SP-H/M reactors featured visually red biofilms after the 5-month period (Supplementary Figure S5) . Redox-active red compounds such as c-type cytochromes are commonly observed in EET-active microbes such as Geobacter and Shewanella strains (Torres et al., 2009; Summers et al., 2010) , which also suggests that SP-H/M biofilms had more EETactive microbes than those in the SP-L biofilms.
Microbial community composition
To analyze microbial community composition dynamics, we constructed 16S rRNA gene clone libraries of the lagoon sediment inoculum sources, periodically collected anode biofilm samples and several anolyte solution samples of sucrose-fed batch exchanges. The rarefaction curves showed that the abundance of phylotypes (classified as operational taxonomic units grouped using 499% cutoff value) in the anode communities was reduced throughout the enrichment process ( Supplementary Figures S6  and S7 ). The Shannon's diversity index, Simpson diversity index and Chao-1 richness also support this trend (Supplementary Tables S1 and S2 ).
The phylum-or class-level community analyses clearly revealed that different substrate and anode potentials established and maintained different electrogenic communities (Figures 7a and b) . Duplicate MFC and SP reactors (except for SP-L reactors) showed similar microbial communities, indicating reproducible enrichment processes of the electrogenic biofilms. The most abundant taxa of all the anode biofilms were Deltaproteobacteria, Clostridia and Bacteroidetes, whereas Gammaproteobacteria and Bacilli were only observed in fermentable sugarfed MFC and SP reactors.
Under the MFC operations (Figure 7a ), Deltaproteobacteria (genera Desulfuromonas and Geobacter) and Bacteroidetes were highly abundant in the AC-MFCs, whereas Deltaproteobacteria (genus Geobacter) and Clostridia (genera Syntrophomonas and Acetoanaerobium) were the relatively abundant in the BP-MFCs. In contrast, the fermentable sugarfed MFCs (GL/SU-MFCs) showed that Gammaproteobacteria (genera Tolumonas and Aeromonas) comprised 70% of the clone libraries, whereas Deltaproteobacteria (genus Geobacter) occupied only 10% of the enriched microbial communities. Under the SP operation (Figure 7b ), SP-L reactors showed similar trends to the sucrose-fed MFCs (SU-MFCs), whereas SP-H and SP-M reactors appeared to feature genus Geobacter and class Bacilli more abundantly than the other sucrose-fed reactors.
In addition, the microbial community compositions were compared between anode biofilms and suspended cells in the sucrose-fed MFC and SP reactors (Supplementary Figure S8) . The results clearly show that Deltaproteobacteria was rarely observed in solution, and that Bacilli and/or Gammaproteobacteria were highly abundant in solution. This result indicates that Deltaproteobacteria was strongly associated with the anode electrode, but that Bacilli and Gammaproteobacteria were able to grow without direct electrode reducing processes and may have preferentially contributed to sucrose fermentation in both the electrode biofilm and anolyte solution.
Microbial community dynamics A multidimensional scale plot created based on family-level taxonomy clearly showed that the electrogenic communities differed substantially from the original inoculum source, and organized based on the type of substrate fed to the MFCs, or surface potentials of the SP anodes (Figure 7c ). Community similarities in the MFCs are in three distinct clusters that feature the AC-MFCs, BP-MFCs and fermentable sugar-fed MFCs. Even with the sugar-fed operation, SP-H and SP-M reactors showed distinct clusters from the SU/GL-MFCs. Interestingly, the SP-L reactors clustered similarly to those of the SU/GL-MFCs at 5-month period, although the SP-L-b reactor community did not cluster with any of the other groups during the initial 3-month operation.
A heat map table of Sørensen's similarity coefficients created based on operational taxonomic units is also used for statistically calculating the microbial community similarities among operational conditions or temporal differences (Supplementary Figure S9) , which indicates the continuity of anode community establishment with time, as well as high similarity between duplicate GL-MFC and SU-MFC communities within MFC operations, and the SP-H and SP-M communities within SP operations. Figure 8 shows the phylotypes (499% cutoff value) that were frequently identified within the clone libraries from each electrogenic biofilm. The minor (that is, lower relative abundance) phylotypes are summarized in Supplementary Tables S3 and S4 . The phylotypes affiliated to highly abundant taxa are independently addressed below:
Fermenting and electricity-generating bacteria
(i) Deltaproteobacteria. Eleven different Deltaproteobacteria phylotypes were found to be relatively abundant within all the electrogenic communities. One Desulfuromonas (Des1) and one Geobacter (Ac3) phylotype were highly abundant in the AC-MFCs, whereas four more Geobacter phylotypes (Geo1, Geo2, Gl1 and Gl2) were observed in the BP-MFCs. The GL/SU-MFC and SP-L-a reactors showed similar phylotype-level trends. The early stages of the sugar-fed enrichment process showed four relatively abundant phylotypes (Des1, Geo1, Gl1 and Gl2), which were also observed in the AC/BP-MFCs. However, the most relatively abundant phylotype shifted to a different Geobacter (Gl15) in the later stages of GL/SU-MFC operation.
Interestingly, the higher current-generating SP enrichments revealed different phylotype trends. SP-M reactors also showed shifts of the dominant 
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Geobacter phylotype from Gl1 to Gl15; however, other Geobacter phylotypes (MEC_GeoM2, SU5 and MEC_GeoH3) were also observed during the operation. SP-H reactors featured five different Geobacter phylotypes, but never showed the phylotype Gl15. The phylotypes Gl1 and Gl2 were highly abundant in the SP-H reactors during the initial 3 months, but by month 5, the abundant Geobacter phylotype shifted to MEC_GeoH3. These combined results indicate that different types of Geobacter/Desulfuromonas phylotypes were enriched in the electrogenic biofilms depending on the substrates in the MFC reactors and the anode surface potentials in the SP reactors. In addition, the shifts of dominant Deltaproteobacterial phylotypes were a common occurrence throughout the community development. The phylogenetic positions of those phylotypes are shown in Figure 9a .
(ii) Gammaproteobacteria. All observed Gammaproteobacteria phylotypes were related to genera Tolumonas and Aeromonas, which were only found in the sugar-fed MFC and SP reactors. Those phylotypes were remarkably abundant in the GL/ SU-MFCs and SP-L reactors, and also observed in the anolyte solutions (Supplementary Tables S3 and S5 ), suggesting that the phylotypes had an important role in fermentation in the biofilm and planktonic populations. The phylogenetic positions of those phylotypes are shown in Figure 9b .
(iii) Firmicutes (Clostridia and Bacilli). Four Firmicutes phylotypes were frequently observed in the sugar-fed MFC/SP reactors. The Trichococcus phylotype Gl4 was found in earlier stages of the development processes, but the abundant phylotypes shifted to the Lactococcus phylotype Gl17 and Anaeroarcus phylotype Gl18. Those two phylotypes were also highly abundant in the anolyte solution of SP-H/M reactors (Supplementary Table S5 ), which suggests that the phylotypes had an important role in consuming sugar compounds under higher current-producing conditions. Another two Clostridia phylotypes (Ac5 and BP20) were mainly observed in AC/BP-MFCs, suggesting the contribution to acetate, propionate and/or butyrate metabolism in the communities. The phylogenetic positions of those phylotypes are shown in Supplementary Figure S10 .
(iv) Bacteroidetes. Two Bacteroidetes phylotypes Su2 and Gl10 were consistently found in all the sugar-fed MFC/SP reactors, whereas five other phylotypes were mainly found in the AC/BP-MFCs. The phylotypes Ac12 and Ac13 were highly abundant in the AC-MFCs (Figure 7a ), and phylotype BP10 was relatively abundant in the BP-MFCs.
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These results suggest that the Bacteroidetes phylotypes had a role in the anode biofilms, and have substrate preference in the EET-active communities. The phylogenetic positions of those phylotypes are shown in Supplementary Figure S11 .
Correlations between environmental factors and microbial taxa CCA is a comparative evaluation tool that can diagram correlations between key environmental variables and associated species (phylotype) compositions (ter Braak, 1986) . Figure 10a shows the associations between metabolite variations in all MFC/SP reactors (maximum concentrations during each batch shown in Figures 4 and 5 and Supplementary Figures S2 and S3 ) observed as the vectors and 12 highly abundant genus-level taxa in the microbial communities. Phylum Bacteroidetes represents all associated phylotypes, and genus Geobacter was further divided into the three subclades shown in Figure 9a . Within the three Geobacter sub-clades, both Geobacter subsurface clades 1 and 2 were strongly correlated with current generation associated with lactate, sucrose and propionate metabolism. On the other hand, the Geobacter metallireducens clade was strongly associated with butyrate metabolism, along with genus Syntrophomonas. Genus Desulfuromonas and phylum Bacteroidetes were most closely associated
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Tolumonas auensis R0018 (CP001616) clone Tol9 Tolumonas auensis R0001 (CP001616) clone Tol1 clone Tol12
Tolumonas sp. OCF7 (GU370947)
clone Gl13 Aeromonas jandaei ( Bacteroidetes Acetobacterium Figure 10b shows associations between electrochemical variables (operational current, maximum current density and anode electrode potential) in the sucrose-fed MFC/SP reactors and the 12 highly abundant taxa described above. The anode potential in SU-MFCs was estimated as À 220 mV vs SHE for the analysis. The operational current and anode potential vectors were nearly aligned along the same axes; however, the maximum current density vector indicates that biocatalytic activity was a more unique variable that was strongly associated with genus Anaeroarcus, and also enrichment time (months). Geobacter subsurface clades 1 and 2, Lactococcus, and Aeromonas were related to electropositive anode potentials with higher current generation, whereas the G. metallireducens clade, Desulfuromonas, Tolumonas and Trichococcus were associated with electronegative anode potentials with lower current generation. Within the 12 taxa, Geobacter subsurface clade 1 and Lactococcus were most closely related to each other based on operational variables that were observed in the SP-H/M reactors. These results provide a more detailed description of how electrode surface potential, whole community EET rates (current generation) and substrate/secondary metabolite consumption contribute as selective pressures for community development in EET-active biofilms.
Discussion
In this study, a variety of substrate and anode potential conditions were used to examine the relationships between electrochemical performance, metabolic activities and EET-active microbial community development. Higher per-biomass EET rates were observed in the volatile fatty acid-fed MFC reactors and also in SP-H/M reactors relative to sugar-fed MFCs and SP-L reactors (Figure 6 ). At the early stages of the operations, some reactors showed decreased per-biomass biocatalytic rates with increasing biomass density of the electrogenic biofilm. This trend suggests that mono-layers or thin biofilms had more effective electrogenic activity due to improved direct electron transport from microbial cells to the electrode, and also better substrate accessibility and proton diffusion (Yi et al., 2009; McLean et al., 2010) . The microbial communities with the higher per-biomass EET rates also featured a higher relative abundance of wellknown EET-active microbial groups, Geobacter and Desulfuromonas (Figures 7a and b) , indicating that the taxonomic groups have an important role in EET reactions as proposed previously (Kiely et al., 2011) .
As for fermenters, Bacilli, Clostridia and Gammaproteobacteria presumably performed sugar fermentation because these strains were observed more frequently in both the anode and anolytes of sugar-fed reactors (Figures 7a and b, Supplementary Figure S8) , and also their close relatives are known as sucrose fermenters (Fischer-Romero et al., 1996; Cho et al., 2008) . Some of the fermenting Clostridium, Aeromonas and Tolumonas strains have been reported as EET-active fermenters (Park et al., 2001; Pham et al., 2003; Chung and Okabe, 2009; Luo et al., 2013) , suggesting the Clostridium, Aeromonas and Tolumonas phylotypes in our sugar-fed reactors might conduct EET reactions directly. The microbial metabolic functions are further discussed in Supplementary Discussion. A comparison of family-level population dynamics revealed that different carbon substrates (electron donor) and anode potentials (electron acceptor) conferred different selective pressures during the establishment of EET-active communities (Figures 7a and b) . However, fermentative substrates (GL/SU-MFC) and limiting electron acceptors (SP-L) appear to induce similar selective pressures on microbial communities (Figure 7c ). Comparisons of various electrochemical and metabolic parameters associated with these three reactor sets revealed that the EET rates represented by operational current generation were similar at B7 mA (Tables 1 and 2 ). In addition, similarities between microbial community dynamics and electrochemical performance were also observed for the SP-H and SP-M reactors, which both generated B20 mA of current ( Figure 2 ) and had similar microbial communities after 3 months of operation (Figures 7b and c) . These results imply that EET rates have a huge impact on the family-level microbial community development of EET-active microbial communities.
The CCA diagrams clearly indicate that fermenting Lactococcus, Anaeroarcus and Aeromonas strains preferred higher EET rate conditions under electropositive anode surface potentials (SP-H/M reactors), whereas Tolumonas and Trichococcus strains were correlated with lower EET rate conditions under electronegative surface potentials (SU/GL-MFCs and SP-L reactors) (Figures 8 and 10) . Interestingly, these potential fermentor strains were also observed in the anolyte solution under each operational condition (Supplementary Figure S8 and Supplementary Table  S5 ). These observations suggest that these strains were not likely associated with direct electron transfer to the electrode; however, they may have interacted with the electrode through indirect EET and/or had a close association with the electrode because of the rapid consumption of fermentation byproducts by the electrode respiring portion of the communities. These results implied that the EET rates in microbial systems define the fermenter population, most likely, because the consumption of the fermentation by-products (acetate, propionate and H 2 ) is coupled with electrode respiration rates of the electrogenic microbes.
Comparison of the phylotype-level taxonomic composition of the potential electrogens, affiliated to families Geobacteraceae and Desulfuromonadaceae, showed more diverse phylotypes related to the operational conditions (Figure 8 ). Phylogenetic analyses of Geobacter strains (Figure 9a ) revealed that phylotypes classified within G. metallireducens clade were mainly observed in AC/BP-MFCs and early stages of sugar-fed MFC and SP-L reactors. These results suggest that the well-known EET-active Geobacter strains affiliated to the G. metallireducens clade prefer electronegative anode potentials and simple volatile fatty acid compounds (Figure 10) . However, the early stages of SP-H/M reactors abundantly showed phylotypes classified within Geobacter subsurface clade 2, suggesting that surface potential is the key factor for selection of Geobacter strains during the early stages of biofilm formation (Figure 10b ). The results may also imply that microbial adaption to electrode and/or metal reduction are affected by outer-membrane proteins such as c-type cytochromes, which are known to be involved with Geobacter EET processes and are strain-specific (Butler et al., 2010) . Our previous metatranscriptomic analyses indicated that Desulfuromonadales (including genus Geobacter) and Desulfobulbus strains responded to surface potential changes by different gene expression levels of outer membrane c-type cytochromes. These significant changes in gene transcription were related to increases in EET rates when exposed to SP electropositive conditions (Ishii et al., 2013) . These data suggest that different c-type cytochromes may define an affinity for microbial electron transfer to substrates with specific surface potentials. The G. metallireducens clade includes well-known electricity generators that utilize acetate, hydrogen, alcohols or monoaromatic compounds as energy sources (Bond et al., 2002; Bond and Lovley, 2003) and uses different types of outer-membrane multiheme c-type cytochromes for conducting EET process with different forms of solid iron featuring specific surface potentials (Kato et al., 2013) . The Geobacter subsurface clades strains are not often observed in electrogenic biofilms (Kato et al., 2010; Nercessian et al., 2012) , and are predominantly observed in subsurface sediments that include a diversity of solid particles having different surface potentials (Holmes et al., 2007) . This might be a reason why the Geobacter subsurface clade 2 strains were selectively adapted to electropositive surface potentials in the early stages of SP-H/M reactors.
At the later stages of operation, the dominant Geobacter phylotypes shifted in all sugar-fed MFC/ SP reactors. In the SU/GL-MFCs and SP-L-a reactors with lower EET rates, phylotypes classified within Geobacter subsurface clade 2 became more abundant than G. metallireducens clade, accompanied with the increase of Tolumonas strains (Figure 8 ). On the other hand, in the SP-H/M reactors with higher current generation, phylotypes classified within Geobacter subsurface clade 1 began increasing the relative abundance in addition to Geobacter subsurface clade 2, accompanied with the increased abundance of a Lactococcus strain. The CCA diagrams indicate that the Geobacter subsurface clade 1 was highly associated with electropositive anode potentials and higher current generation (Figure 10b ) as well as with lactate and propionate metabolism (Figure 10a) . Interestingly, the diagrams also reveal that the Geobacter subsurface clade 1 strongly correlates with the lactate-metabolizing genus Lactococcus (Cho et al., 2008) . This association suggests the establishment of a symbiotic relationship between these genera so that sucrose is consumed via lactate and/or propionate production, and preferentially occurs under conditions with higher current generation (SP-H/M reactors) at the later enrichment stages. The Geobacter phylotype trends are further discussed in Supplementary Discussion.
In conclusion, this study revealed that strain-level selection of electrogenic organisms is highly correlated to specific surface potentials, and that EET rates may also define symbiotic relationships between solid-surface respiring and fermentative microbes. Different Geobacter strains were found to be associated with operational reactor conditions, suggesting that each Geobacter strain may have a defined range of surface potentials and carbon substrates that are required for life-sustaining EET reactions. Both Desulfuromonas and G. metallireducens clades, which are well-known electrogenic microbes, were associated with lower surface potentials and less current generation, whereas Geobacter subsurface clades 1 and 2 were associated with higher surface potentials and greater current generation. A cladespecific association to surface potentials has never been described for the genus Geobacter.
During EET-active community development, Geobacter phylotype shifts occurred in all sugar-fed reactors, and the Geobacter population became more diverse especially under higher current conditions. In addition, a clear association between communities of fermenters (Lactococcus and Anaeroarcus) and electrogens (Geobacter subsurface clade 1) was observed under electropositive surface potential conditions with higher EET rates. This suggests that diverse Geobacter populations, including Geobacter subsurface clades 1 and 2, may form symbiotic relationships with fermentative community members to better adapt to respiring solid substrates using more complex substrates like sucrose. These findings are important for understanding the fundamental nature of how EET-active communities are established; and provide new knowledge about the specific selective pressures that correlate to strain-level adaptation and cooperation within EET-active biofilms.
